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Summary: Animals eat different foods in proportions that yield a more favourable 
balance of nutrients1. In spite of known examples of these behaviours across different 
taxa, the ecological and physiological benefits remain unknown. We identified a 
surprising dietary shift that confers ecophysiological advantages in a dung beetle 
species. Thorectes lusitanicus, a Mediterranean ecosystem species2 adapted to eat dung, 
is also actively attracted to oak acorns3 consuming and burying them. Acorn 
consumption appears to confer advantages over beetles that do not eat acorns: acorn-fed 
beetles showed important improvements in fat body mass, haemolymph composition, 
and ovary development. Beetles incorporating acorns into their diets should have 
greatly improved resistance to low-temperature conditions and improved reproductive 
success. In addition to enhancing understanding of the relevance of dietary plasticity to 
the evolutionary biology of dung beetles, these results open the way to a more general 
understanding of the ecophysiological implications of differential dietary selection in 
the context of fitness. 
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The main reason animals eat is to acquire a mixture of nutrients needed to fuel growth, 
development, and reproduction. A high-quality diet in insects permits storage of 
different compounds (e.g., lipids, carbohydrates, or proteins) in the fat body, the most 
important organ for nutrient metabolism and storage4. In fact, fat body plays a crucial 
role not only in lipid storage and transport to haemolymph, but also in lipid biosynthesis 
from carbohydrates, biosynthesis of proteins such as antifreeze proteins (AFP)5, and 
yolk deposition in oocytes or vitellogenesis6. Moreover, fat body is the major organ for 
storing glycogen, the precursor of many cryoprotectants (mainly polyhydric alcohols 
such as glycerol and sorbitol and sugars such as trehalose)7, 8, 9. Hence, food type may 
modulate thermal tolerance and periods of activity, especially at low temperatures10, 11. 
From a nutritional point of view, animals may eat different foods in proportions that 
yield a more favourable balance of nutrients than from any one of these foods alone, in 
a behavioural strategy called dietary self-selection12. Here we show for the first time 
that a beetle species has expanded from a highly specialized dung-based diet to include 
acorns, and that this diet shift allows improvement of thermal tolerance and 
reproductive capacity.  
Thorectes lusitanicus is an apterous dung beetle species endemic to the southern 
Iberian Peninsula. Apart from feeding on mammal dung, this species actively seeks cork 
oak acorns, burying and eating them as if they were dung balls 2, 3 (Fig. 1). We 
hypothesized that this behaviour could affect fat body development, and therefore 
haemolymph composition and ovary development given the high content of 
polyunsaturated fatty acids, triglycerides, and sterols present in the acorns13. This idea 
was strengthened by the observation that acorn consumption occurs at the end of 
autumn and in early winter, coinciding with two of the species’ main energy-demanding 
metabolic processes: reproduction and hibernation.  
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Our laboratory experiments show clearly that diet had clear effects on fat body 
mass in this species: acorn-fed beetles were 4.6 times heavier than dung-fed beetles 
(Fig. 2). Protein content in haemolymph from acorn-fed beetles was also 4.5-fold higher 
than in those fed with cow dung; this high protein content was accompanied by a 5ºC 
decrease in the supercooling point (SCP), and a 0.23ºC increase in the thermal 
hysteresis activity (THA) of the haemolymph (Table 1). Biochemical reactions and 
metabolic rates are highly temperature dependent, so fully or partly endothermic 
animals profit from the ability to heat themselves, being able to adjust their temperature 
to enhance metabolic rates across diverse environmental conditions14. Although most 
animal groups cannot regulate their body temperature, many have physiological, 
behavioural, and ecological strategies to adjust their body temperature, compensating 
for thermal environmental changes15, in the present case via a novel diet. As the main 
mechanism to elevate body temperature in dung beetles is the shivering of flight 
muscles16, we suspect that the atrophy of Thorectes wing muscles could have facilitated 
the evolutionary emergence of alternative strategies to elevate the cold resistance by 
trophic mediated mechanisms. 
Furthermore and interestingly, the haemolymph of acorn-fed beetles also 
contained a significantly greater amount of palmitic, palmitoleic, oleic, and linoleic 
acids than that of dung-fed beetles (3.2, 3.0, 3.1, and 2.0-fold higher, respectively), 
while stearic and linolenic acids were present in the haemolymph only of acorn-fed 
beetles (Table 2). These fatty acids (particularly palmitic, oleic, and linoleic acids), are 
most abundant during the reproductive cycle of many insects17. In insect physiology, 
polyunsaturated fatty acids have diverse roles related to tolerance of extreme 
temperatures, reproduction, and development. For example, in Sarcophaga crassipalpis, 
oleic acid promotes cell membrane fluidity at low temperature, but also allows the cell 
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membrane to maintain a liquid crystalline state when temperatures increase18. In 
addition, most insects require polyunsaturated fatty acids, and many studies have 
pointed out that either linoleic and linolenic acids satisfy this nutritional need; absence 
or deficiency of these compounds produces failures during metamorphosis, nymphal 
growth, and emergence of well-formed adults19. In Thorectes lusitanicus, a diet based 
on acorns seems not only to provide significantly higher concentrations of essential 
fatty acids, but also an excellent source of linolenic acid.  
In summary, consumption of acorns by T. lusitanicus and the accompanying 
metabolic changes increased tolerance to lower temperatures significantly, also 
avoiding the appearance of nutritional deficiencies. The general good health promoted 
by this dietary shift also appeared to improve the reproductive success of the species: 
Ovary weight, number of oocytes per ovary, and mean weight of oocytes were higher in 
acorn-fed individuals (Fig. 1 and Table 3), indicating that consumption of acorns likely 
also enhances reproductive success. Hence, incorporation of acorns into the diet allows 
T. lusitanicus not only to broaden their seasonal activity, but also to increase the number 
of successful offspring under natural field conditions. Considering the great size of T. 
lusitanicus populations3, more research is needed to examine the relevance of this 
dietary shift on the long term dynamic between forest tree regeneration processes and 
the action of the large herbivore communities to which these Thorectes dung consumer 
species are associated. 
 
Methods Summary 
We exposed two groups of T. lusitanicus to a diet of either cow dung or acorns 
for 20 days. We then extracted and analyzed the haemolymph for protein and fatty acid 
content and for some biophysical features that influence an insect’s ability to survive 
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
hd
l:1
01
01
/n
pr
e.
20
09
.3
26
3.
1 
: P
os
te
d 
20
 M
ay
 2
00
9
under extreme cold conditions: the supercooling point (SCP; i.e., the temperature at 
which intra-cellular ice begins to form) and the thermal hysteresis activity (THA; i.e., 
the difference between freezing and melting points mediated by antifreeze proteins 
produced by the fat body). We also measured the development of the fat body and 
ovaries.  
To minimize factors that could influence the physiological measures: (a) we 
selected only mature individuals according to external age-grading methods that permit 
identifying individuals of approximately the same age; (b) a sex ratio of 1:1 was 
maintained in each experiment; (c) to avoid the effect of diet and gut content on 
physiological measures, after a captive feeding period, all beetles were starved for 10 
days during acclimation prior to SCP determination and extraction of haemolymph. 
These controls were intended to assure a common physiological state to allow 
comparison of physiological measures between diets. 
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Full Methods 
 
Study site and animals 
 Individuals of Thorectes lusitanicus were captured from Los Alcornocales 
Natural Park in the Aljibe Mountains in southern Spain (36º 31’54’’N, 5º 34’29’’W) 
during the autumn (November 2006 and 2007), to coincide with production of acorns. 
For each year, in 48-h periods, we used pitfall traps baited with cow dung to capture 
live beetles. All individuals were maintained in plastic containers (60 × 40 × 40 cm) at 
20ºC until arriving at the laboratory, where they were maintained at 10ºC in a climate 
chamber. The substrate was fallen leaves of Quercus to eliminate stress for the beetles.   
 
Types of diet and acclimation temperatures 
 Two plastic containers (60 × 40 × 40 cm) with 100 individuals of T. lusitanicus 
(50 males and 50 females) were installed with a substrate of sterile dry vermiculite. 
These individuals were fed with acorns exclusively. Two additional plastic containers 
with 100 individuals were fed cow dung exclusively. The four containers were placed in 
a climate chamber at 20ºC, with 60% relative humidity (RH) and a photoperiod of 15:9 
(L:D). Individuals were supplied with fresh dung or acorns every 4 days. After 20 days, 
50 animals from each container were randomly selected and placed into two new 
containers at 10ºC, 60% RH, and a photoperiod of 15:9 (L:D) without further feeding. 
After 10 days in these conditions, the haemolymph was extracted and analyzed. 
 
Fat body mass 
 Prior to dissection, 20 individuals (n = 10 per treatment) were numbered and 
weighed. Fat body tissue was dissected from ice-cold beetles into ice-cold insect 
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Ringer’s solution. For each individual, all fat body tissue was removed and immediately 
placed on a dry paper to eliminate excess water prior to weighing. Finally, fat body 
tissues were conserved at –85ºC for later analyses.  
 
Extraction of haemolymph 
For each treatment, samples of haemolymph were obtained by piercing the 
dorsal surface of the thorax with a pin and haemolymph collected using capillary tubes. 
Each extraction was transferred to a 1.5-ml Eppendorf vial, to a total of 10 individual 
samples per vial. After extraction of haemolymph, samples and beetles were frozen and 
stored at –85ºC. 
 
Protein analysis 
 Total protein content in the haemolymph was estimated using the Bradford 
method20. Briefly, the extracted haemolymph was centrifuged at 8000 ×g for 5 min to 
separate particulate material. Then, 20 μl-aliquots of the supernatant were diluted with 
water to a final volume of 100 or 1000 μl, depending on whether samples came from 
excrement- or acorn-fed beetles, respectively. Aliquots of 100 μl each of the diluted 
samples were then mixed with 3 ml of Bradford reagent and left to stand at room 
temperature for 10 min. The absorbance at 595 nm of the mixture was read in the 
context of the proper blank in a Shimadzu UV-VIS spectrophotometer UV-6001. The 
protein concentration was calculated from a calibration plot constructed under the same 
conditions as described above using bovine serum albumin as the standard. 
 
Glycerol analysis 
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 Glycerol present in the haemolymph of beetles was analyzed with the Glycerol 
Assay Kit from Megazyme®. This procedure is based in the phosphorylation of the 
glycerol present in the samples to L-glycerol-3-phosphate by a reaction catalyzed by 
glycerokinase, which yields adenosine-5’-diphosphate (ADP) as a by-product. The ADP 
formation is then coupled to the cleavage of pyruvate from phosphoenolpyruvate by 
pyruvate kinase. Finally, the pyruvate formed in this reaction is reduced to L-lactate by 
L-lactate-dehydrogenase with the concomitant formation of NAD+, which is 
photometrically assessed at 340 nm. The amount of NAD+ formed is stoichiometric with 
the amount of glycerol originally present in the samples. The concentration of glycerol 
in the samples was inferred from a Mega-Calc™ spreadsheet. 
 
Fatty acid analysis 
 To extract and analyze fatty acids from the haemolymph, 30-μl aliquots of 
haemolymph were mixed with 440 μl chloroform:methanol (1:2) and 100 μl of 
MethPrepII© methylating reagent. The mixture was maintained 30 min in an ultrasound 
bath and then centrifuged to settle down any particulate material. Fatty acid composition 
in the supernatant was analyzed by GC-MS.  
 
Supercooling point (temperature of crystallization) 
 SCPs were measured with a FLIR Thermacam P620 thermal infrared camera 
with a resolution of 640 × 480 pixels and a microbolometer Focal Plane Array detector 
with a spectral range of 7.5–13 μm and a thermal sensitivity of ±0.06°C at 30°C. We 
fixed the cooling rate to 0.5ºC/min. SCPs were measured determining the temperature at 
which the exothermic reaction of crystallization (latent heat of crystallization) occurs at 
onset of freezing21 (Supplementary Fig. 1). Cooling rates were maintained using a MIR-
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153 programmable heated and cooled incubator (SANYO Electric Co., Ltd) with an 
accuracy of ± 0.2ºC. SCP experiments were carried out with a sample of at least 10 
individuals for each diet.  
 
Thermal hysteresis 
 Measurements were made using a differential scanning calorimeter (DSC; Q-
100, TA Instruments). Each sample of haemolymph (1 μl) was sealed in an aluminium 
pan using an empty pan as control. Samples were weighed before the DSC run. Bovine 
serum albumin was used as a standard AFP-free solution to compare with samples 
containing AFP22. Following Hansen and Baust23, the samples were cooled and warmed 
at 1°C/min, and both crystallization and melting points were recorded.  We used 
haemolymph without oil and varied some experimental parameters. Thus, samples were 
then cooled and equilibrated, in this case, to –30ºC (rate of 1ºC/min), maintained for 5 
min (isothermal time), warmed to successive partial melt temperatures between –10 and 
0°C in 0.1ºC increments, and held for 5 min at each increment to allow for the ice–
protein interaction and system stabilization. Finally, the samples were then slowly 
cooled to –30ºC (1°C/min), and the hold and onset of the freeze exotherm curve 
recorded for each DSC cycle (Supplementary Fig. 2). The onset was calculated as the 
start of the crystallization exotherm curve and was analyzed using the program 
Universal Analysis 2000 v. 4.1D (TA Instruments). 
 
Statistical analyses 
 Mann–Whitney non-parametric tests were used to examine differences among 
treatments using StatsDirect 2.5.724. 
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Table 1. The effect of food on fat body mass, haemolymph composition and 
thermal tolerance of Thorectes lusitanicus.   
 Food source 
 Acorns Cow dung 
Fat body (% body mass) 11.26±2.85 2.46±0.85 
Glycerol (g/L) 0.027±0.009 0.017±0.0002 
Protein (mg/ml) 129.29±16.36 28.34±4.13 
SCP (ºC) -13.48±1.15 -8.50±2.17 
THA (ºC) 0.64±0.04 0.41±0.02 
Palmitic acid (mg/ml) 1.25±0.25 0.39±0.06 
Palmitoleic acid (mg/ml) 0.12±0.01 0.04±0.04 
Stearic acid (mg/ml) 0.15±0.02 u.c. 
Oleic acid (mg/ml) 3.75±0.45 1.21±0.27 
Linoleic acid (mg/ml) 0.81±0.13 0.40±0.12 
Linolenic acid (mg/ml) 0.02±0.03 u.c 
 
 
(Mean ± SD). All measurements are statistically significant (P≤0.01) according to a Mann-Whitney non 
parametric test.  SCP: Supercooling point; THA: Thermal hysteresis; u.c.: undetectable concentrations 
(≈0). 
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Table 2. Effect of food on correlates of reproductive success in Thorectes 
lusitanicus.  
 Food source 
 Acorns Cow dung 
Ovary weight (% body mass) 3.66±1.03 0.87±0.28 
Number of oocytes/ovary 2.10±0.55 0.40±0.22 
Mean weight of oocytes (mg) 0.011±0.002 0.003±0.002 
Number of undeveloped ovaries 1 7 
(Mean ± SD). All measurements are statistically significant (P≤0.01) according to a Mann-Whitney non-
parametric test (n = 10 for each treatment). 
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Figure legends 
 
 
Fig. 1. Thorectes lusitanicus eating cork oak acorns. 
 
Fig 2. Effect of diet in the fat body and ovary development in T. lusitanicus. Diet 
based on acorns (a) and cow dung (b). FB: fat body; Oo(m): mature oocyte; Oo(u): 
undeveloped oocyte. 
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 Supplementary Information 
 
Supplementary figure legends 
 
 
Supplementary Fig. 1. Supercooling process in Thorectes lusitanicus: (a) Prefreezing 
state when the supercooling point was measured; (b) exothermic crystallization of the 
haemolymph contained in the thorax (see black curve below); and (c) crystallization of 
the haemolymph contained in the abdomen (see grey curve below) and the rest of the 
body. Arrows indicate temperatures that correspond with each thermography (thoracic 
temperature in black curve, and grey line corresponds to the abdominal temperature). 
 
Supplementary Fig. 2. Thermal hysteresis activity (THA) of Thorectes lusitanicus 
measured with differential scanning calorimetry (DSC): DSC curves of refreezing (rate 
of 0.1ºC/min) of (a) partially melted haemolymph of Thorectes lusitanicus. No thermal 
hysteresis effect was observed in curves with lower heat flow (temperature ranges from 
-5 to -2ºC), whereas THA was observed with temperature ranges from -2 to -1ºC (see 
curves marked by an arrow); (b) partially melted BSA (as control). Frozen BSA was 
heated to partially melt at different hold temperatures and then cooled to recrystallize. 
No thermal hysteresis effect was observed in any cycle. 
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